Introduction
The development of chemoresistance dramatically affects survival for patients with ovarian cancer (OVCA); thus, targeted therapies that increase chemosensitivity offer the potential to significantly improve outcome. Although most patients with OVCA show remarkable sensitivity to platinum-based chemotherapy during primary therapy, these patients eventually develop platinum-resistant, recurrent disease (1, 2) . Once platinum resistance has developed, few active therapeutic options exist, and patient survival is generally short lived (3) . In this context, platinum resistance is frequently viewed as a surrogate clinical marker for more generic chemoresistance, and defining the molecular changes that drive the evolution of the platinum-resistant phenotype could contribute to a broader understanding of human cancer chemoresistance. Changes in cellular drug efflux, increased cellular glutathione levels, increased DNA repair, and drug tolerance have all been shown to contribute to platinum resistance (4-6). More recently, genomic studies have defined gene expression signatures that may discriminate between cancers that are innately chemosensitive versus those that are chemoresistant (7) (8) (9) . However, the genome-wide expression changes associated with the transition of an OVCA cell from chemosensitive to chemoresistant are less clear, and the discrete biologic pathways that drive the process are unknown. Moreover, how these pathways influence clinical outcomes and their potential as therapeutic targets remain to be defined.
In this study, we tracked the genome-wide expression changes associated with the evolution of in vitro cisplatin resistance. In doing so, we identified a pathway that seems to have a pivotal and wide-ranging influence on human cancer chemosensitivity, likely via phosphorylation of a key apoptotic protein. We evaluated the BCL2 antagonist of cell death (BAD) apoptosis pathway and phosphoprotein in OVCA cell lines and patient samples/data sets (i) as a potential biomarker of chemotherapy response and overall survival and (ii) as a therapeutic target to reverse OVCA chemoresistance.
Materials and Methods

Overview
A panel of OVCA cell lines was subjected to serial cisplatin treatment, and induced cisplatin resistance was quantified. In parallel, genome-wide expression changes were measured, and genes with expression correlating with increasing cisplatin resistance were analyzed for representation of biologic pathways. In light of the association between cisplatin resistance and expression of BAD-pathway kinases and phosphatases, we measured levels of phosphorylated BAD (pBAD) protein in both treated cell lines and chemosensitive and chemoresistant OVCA patient samples. BAD phosphorylation status was modified in vitro by using targeted siRNA and phosphorylation-site mutagenesis strategies, and the impact on cisplatin sensitivity was measured. Expression of the BAD pathway was studied in a range of cancer cell types, and the influence on sensitivity to a variety of chemotherapeutics was measured. Finally, a BAD-pathway expression signature was developed and evaluated in treated cell lines and in patient data sets. To execute these analyses, 3 sample/data sets were used: (i) a panel of 8 cell lines, which were subjected to serial cisplatin treatments; (ii) genome-wide expression data from 142 patients treated at Duke University Medical Center and Moffitt Cancer Center (MCC), including 114 previously reported(8) and 28 new samples; and (iii) 147 OVCA samples obtained from the University of Minnesota (UMN, n ¼ 49) and MCC (n ¼ 98) and analyzed by immunofluorescence for phospho-BAD protein levels. As such, this study included analysis of data/specimens from 289 (142 þ 147) OVCA patients treated at MCC, Duke, and UMN.
Induction of in vitro platinum resistance
The OVCA cell lines-A2008, A2780CP, A2780S, C13, IGROV1, OV2008, OVCAR5, and T8-were provided by Dr. Patricia Kruk (Department of Pathology, College of Medicine, University of South Florida, Tampa, FL) and maintained as previously described (ref. 10; Supplementary Data). Of note, C13 is a cisplatin derivative of OV2008, and T8 is a topotecan-resistant subclone of IGROV1. Such paired sensitive/resistant cell lines were included in the analysis to ensure that we were able to identify genomic changes associated with increased cisplatin resistance from a variety of baseline sensitivity/ resistance states. Cells were subjected to sequential treatment with increasing doses of cis-diammine-dichloroplatinum (cisplatin), using 3 dosing schedules resulting in 144 treatment/expansion cycles ( Supplementary Fig. S1 ). Treatment schedules A, B, and C included 3 treatments with 1, 2, and 3 mg/mL cisplatin, respectively, followed by 3 treatments with 3, 4, and 5 mg/mL, respectively. Each cisplatin treatment was followed by a cell recovery/expansion phase. Both cisplatin resistance and genome-wide expression changes were measured serially in each cell line at baseline and after 3 and 6 cisplatin-treatment/expansion cycles. We quantified cisplatin resistance by using CellTiter-96 MTS proliferation assays (Fisher Scientific) and analyzed genome-wide expression by using Affymetrix Human U133 Plus 2.0 GeneChips as previously described [refs. 10, 11; Gene Expression Omnibus (GEO) accession number GSE23553]. Mycoplasma testing was done on the cell lines every 6 months following the manufacturer's protocol (Stratagene).
Statistical analysis of cell line array data
Pearson correlation was used to identify genes associated with OVCA development of cisplatin resistance (EC 50 ). Expression was calculated by using the robust multiarray average algorithm (12) implemented in Bioconductor (http://www.bioconductor.org) extensions to the R-statistical programming environment as described previously (13) . Probe sets with expression ranges less than 2-fold
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(maximum/minimum) and control probes (i.e., AFFX_* probe sets) were excluded from the analysis. For each cell line, Pearson correlation coefficients were calculated for expression data and cisplatin EC 50 (Supplementary  Table S1 ). Genes/probe sets showing expression/EC 50 correlations ( j R j > 0.85) were subjected to biological pathway analysis, using GeneGo/MetaCore software (Supplementary Table S2 ). Maps/pathways were identified by using the GeneGo/MetaCore statistical test for significance (P < 0.001).
Primary OVCA patient samples OVCA samples/data sets from 289 patients treated at MCC, Duke, and UMN were analyzed in this study, including (i) genome-wide expression data from 142 patients treated at Duke and MCC [including 114, previously reported (8) and 28 new samples] and (2) 147 OVCA samples obtained from UMN (n ¼ 49) and MCC (n ¼ 98) and analyzed by immunofluorescence for pBAD protein levels. In brief, all 289 patients were known to have advanced-stage (III/IV), serous epithelial OVCA and underwent primary cytoreductive surgery followed by primary therapy with a platinum-based regimen (with or without taxane or cyclophosphamide). Additional details are provided in the Supplementary Data.
Statistical analysis of primary OVCA genomic data
Probe sets differentially expressed between primary platinum therapy complete responder (CR; n ¼ 101) and incomplete responder (IR; n ¼ 41) OVCA samples were identified by Student's t test (P < 0.01) and subjected to GeneGo/MetaCore pathway analysis.
Characterization of the BAD apoptosis pathway proteins in primary OVCAs and cell lines
Total BAD, pBAD (serine-112, -136, -155), nonphosphorylated BAD (Genscript), and BAD phosphatase PP2C/PPM1A (Santa Cruz Biotechnology) protein levels were evaluated in a subset of the cell line panel (8 cisplatintreated OVCA cell lines) and in primary OVCA samples by Western blot or by immunofluorescence as previously described (14, 15) .
Western blot analysis
Cells were harvested in media by using a Cell Lifter, washed with cold PBS, and solubilized by using SDS lysis buffer [2% SDS, 10% glycerol, 0.06 mol/L Tris (pH 6.8)]. The resultant lysate (50 mg) was immediately separated on SDS-PAGE gels and transferred to nitrocellulose membranes. Membranes were blocked in Tris-buffered saline containing 0.05% Tween 20 (TBST)-5% nonfat milk and incubated with primary antibody in TBST-5% nonfat milk overnight at 4 C. Membranes were washed 3 times for 5 minutes with TBST and incubated with the appropriate secondary antibody in TBST-5% nonfat milk for 90 minutes at room temperature. Membranes were again washed 3 times for 5 minutes with TBST, and antibody binding was visualized by chemiluminescence on autoradiography film.
Immunofluorescence microscopy
Slides were deparaffinized and rehydrated by using xylene followed by serial dilutions of ethanol and subjected to heat-induced epitope retrieval by incubation in Tris-EDTA buffer [10 mmol/L Tris base, 1 nmol/L EDTA, 0.05% Tween 20 (pH 9.0)] for 20 minutes at 100 C. Slides were washed in PBS, incubated in blocking serum (0.3% Triton X-100, 0.1% normal goat serum in PBS) for 1 hour at room temperature, and exposed to primary antibody in blocking serum for 48 hours at 4 C. Slides were washed 3Â in PBS, incubated with fluorescent-labeled secondary antibody in blocking serum for 2 hours at room temperature, and counterstained and mounted with Prolong Gold containing 4 0 ,6-diamidino-2-phenylindole (DAPI; Invitrogen). Images were acquired as TIFF files by using the Zeiss Axio Imager Z1 automated fluorescent scope and analyzed for percent expressing cells by Image Pro Plus software.
siRNA transfection
RNA duplexes for PP2C/PPM1A (s10909 and s10919; ABI), cAMP-dependent protein kinase (PKA; 6406 and 6574; Cell Signaling), and pFlag-600 vectors containing full-length BAD harboring serine (S) to alanine (A) mutations of the individual phosphorylation sites (S112A, S136A, S155A; kind gifts from Dr. Hong Gang Wang, MCC) were transfected by the Nucleofector transfection kit, according to the manufacturer's protocols (Amaxa). Briefly, cells (4 Â 10 6 ) were suspended in 0.1 mL electroporation buffer V containing 1 mmol/L siRNA and pulsed once by using program X-001. Pulsed cells were resuspended in 0.5 mL of complete media without antibiotics and incubated at 37 C for 15 minutes before experimentation. The Silencer negative control no. 2 siRNA (4390846; ABI), a nontargeting siRNA duplex, was used as a control. MTS cell viability analyses (CellTiter96; Promega) were used to evaluate cellular proliferation rate at 72 hours for cells expressing wild-type, S112A, S136A, and S155A mutations.
Analysis of apoptotic nuclei
Morphologic assessment of condensed chromatin and fragmented DNA was used to quantify percent apoptotic nuclei. Cells were fixed in 4% paraformaldehyde, and nuclei were stained with bis-benzimide trihydrochloride (0.5 mg/mL; Molecular Probes) and quantified by fluorescence microscopy (15) .
Evaluation of BAD-pathway genes
The BAD-pathway score was computed in the panel of OVCA cells previously subjected to serial cisplatin treatment. It was also independently computed for the clinical-genomic OVCA data set (n ¼ 142 OVCA samples from MCC and Duke). For the cell line data, Pearson correlation was used to test any linear relationship between the BAD-pathway score derived from the cell line data and levels of pBAD proteins. For the clinical-genomic OVCA data set, log-rank test with Kaplan-Meier survival curves was used to test whether the median-split BAD-pathway score derived from the OVCA patient data was associated with overall survival. Specifically, using genomic data from the panel of OVCA cells previously subjected to serial cisplatin treatment, principal component analysis was used to derive a BADpathway gene expression signature with a corresponding "pathway score" that represents overall gene expression levels for BAD-pathway genes. The generation of the signature used data from cell lines only; no patient data were used. Details of the statistical methodology used to generate the BAD-pathway gene expression signature are provided in the Supplementary Data. Briefly, as outlined above, using the GeneGo/MetaCore statistical test for significance, analysis of gene expression/EC 50 data from for the panel of OVCA carcinoma in situ (CIS)-treated cell lines, identified the BAD apoptosis pathway (P < 0.001) to be associated with cell line CIS resistance. GeneGo/ MetaCore-defined objects (genes) within the BAD pathway, associated with OVCA cell line CIS EC 50 , were thus identified. All probe sets, for each BAD pathway object identified in this way, were selected for inclusion in generation of the principal component analysis score. These 98 probe sets represented 47 genes. For this cell line data, Pearson correlation was used to test any linear relationship between the BAD-pathway score derived from the cell lines and levels of pBAD proteins. The BAD-pathway gene expression signature score developed in OVCA cell lines was evaluated in an independent set of 142 MCC/Duke OVCA samples. For this clinical-genomic OVCA data set, log-rank test with Kaplan-Meier survival curves were used to test any association between the BAD-pathway score ("high" vs. "low" on the basis of a median value cutoff) and overall survival for patients with OVCA. No data from the 142 MCC/Duke OVCA samples were used to identify the 47-gene signature; the MCC/Duke ovarian data were a completely independent evaluation set.
Results
Expression of BAD-pathway genes correlates with the evolution of platinum resistance
In the OVCA cell lines that we subjected to serial cisplatin treatment, expression of 3,111 unique probe sets, representing 2,434 unique genes, correlated across dose levels with cisplatin resistance, as measured by EC 50 (Pearson correlation coefficient > 0.85, absolute value). GeneGO MetaCore analysis identified the "BAD phosphorylation, apoptosis and survival" pathway to be associated with development of in vitro cisplatin resistance (P < 0.001; Fig. 1 ). This BAD pathway includes 47 genes (98 probe sets in Affymetrix 133A chip; Supplementary Table S3) , which were used to derive a BAD-pathway score in the cell line data and the OVCA patient samples. Statistical significance was derived from the number of genes that were input into the analysis software, the number of input genes present in a specific pathway, and the actual number of genes in that pathway. Thus, the P value represents the probability that mapping a set of genes to a particular pathway occurs by chance. BAD-pathway genes found to be associated with the evolution of in vitro cisplatin resistance included BAD, Bax, BcL-XL, PP2C/PPM1A, AKT, EGFR, IRS-1, Shc, H-Ras, CDK1, G-protein alpha-s, G-protein beta/gamma, PI3K cat class 1A, c-Raf-1, p90Rsk, MEK2 (MAP2K2), PKA-cat, and PKA-reg (Fig. 1) .
Genes associated with patient OVCA platinum response
In 142 OVCA patient samples, 397 probe sets, representing 347 unique genes, were identified as differentially expressed (P < 0.01) between CR and IR primary OVCAs (Supplementary Table S2 ). Pathway analysis of these 347 unique genes showed representation of the "BAD-phosphorylation, apoptosis and survival" pathway to be approaching statistical significance (P < 0.08). Analysis of IR versus CR (P < 0.05 threshold) for patients subjected to optimal versus suboptimal surgical cytoreduction showed representation of the BAD pathway at a statistically significant level (P ¼ 0.004 and P < 0.001, respectively).
BAD protein phosphorylation status is associated with in vitro and in vivo chemoresistance and overall survival
Many of the BAD-pathway genes found to be associated with evolution of in vitro cisplatin resistance are known to influence BAD phosphorylation (Fig. 1 ). We therefore, tested the hypothesis that BAD protein phosphorylation status is associated with OVCA cisplatin resistance. Protein levels of total BAD, pBAD (serine-112, -136, and -155), total BAD protein, the BAD phosphatase PP2C/PPM1A, the phosphorylated form of the BAD kinase PKA, and total PKA protein were evaluated by Western blot analysis or immunofluorescence in (i) OVCA cell lines subjected to serial cisplatin treatment (T8) and/or (ii) 147 primary OVCA samples (MCC/UMN; Fig. 2 ).
OVCA cell lines subjected to in vitro cisplatin-treatment/expansion cycles Serially treated OVCA cells showed higher cisplatin EC 50 values and corresponding overall higher levels of both pBAD (serine-112, -136, -155) and pPKA than before serial cisplatin treatment (Fig. 2A) . In contrast, protein levels of the BAD phosphatase PP2C/PPM1A were expressed at lower levels in serially cisplatin-treated cells.
Primary OVCA samples
Consistently, analysis of 147 patient primary OVCAs revealed higher levels of pBAD (serine-112, -136, and -155) in platinum-resistant (IR) than in platinum-sensitive (CR) samples (P < 0.001, P ¼ 0.02, and P < 0.001, respectively; Fig. 2B ). Immunofluorescence data were available for 134 of 147 samples for analysis of serine-112, 134 of 147 for serine-136, and 137 of 147 for serine-155. Median level of pBAD of each serine was used to as a cutoff to dichotomize patients into 2 groups, high versus low level of pBAD. Log-rank test with Kaplan-Meier survival curves revealed that patients with low levels of serine-112 had superior survival versus patients with high levels of pBAD (P ¼ 0.001; Fig. 3A) .
Integration of the median-cutoff pBAD (serine-112) with the cytoreductive surgery (optimal vs. suboptimal) showed significant association with overall survival (P ¼ 0.004 by log-rank test; Fig. 3B ). Specifically, patients who had optimal cytoreductive surgery with low levels of pBAD (serine-112) had superior survival versus patients who had optimal cytoreductive surgery with high levels of pBAD [adjusted P ¼ 0.03 by Holm method (16; Fig. 3B) ]. Although it was not statistically significant, the same trend was observed for patients who had suboptimal cytoreductive surgery with low pBAD (serine-112) levels versus patients who had suboptimal debulking with high pBAD (serine-112) levels (adjusted P ¼ 1). Similarly, patients who had suboptimal cytoreductive surgery with low pBAD (serine-112) had survival that trended toward superiority, but was not statistically significant, compared with patients who had optimal cytoreductive surgery with high levels of pBAD (adjusted P ¼ 1; Fig. 3B ). Patients who had suboptimal cytoreductive surgery with high levels of pBAD (serine-112) had the poorest overall survival (Fig. 3B) . Serine-136 and -155 levels were not associated with overall survival. Although log-rank test with Kaplan-Meier survival curves revealed no statistically significant differences in survival on the basis of levels of pBAD serine-136 (P ¼ 0.40) or pBAD serine-155 (P ¼ 0.43), patients with high versus low levels of pBAD at both of these phosphorylation sites were observed to have lower median survival, although differences did not reach statistical significance (P ¼ 0.6 and 0.2, respectively; Fig. 3C and D) .
Direct and indirect modulation of BAD phosphorylation status
Modulation of BAD phosphorylation status influenced cisplatin sensitivity in OVCA cell lines. Overrepresentation of nonphosphorylated BAD by transfection of A2780S and A2780CP cells with vectors containing serine (S) to alanine Figure 1 . BAD pathway in genes associated with induced cisplatin resistance. Thermometers indicate those genes with positive (upward pointing) and negative (downward pointing) correlations between expression and increased cisplatin resistance (EC 50 ; P < 0.001 for pathway enrichment): upward pointing thermometers identify genes with increasing expression associated with increasing OVCA cisplatin resistance, and downward pointing thermometers identify genes with decreasing expression associated with increasing OVCA cisplatin resistance. Numbers 1 to 8 at base identify the cell line (1, T8; 2, OVCAR5; 3, OV2008; 4, IGROV1; 5, C13; 6, A2780S; 7, A2780CP; 8, A2008) showing changes in expression of that gene with increasing cisplatin resistance. EGFR, epidermal growth factor receptor; IGFI, insulin like growth factor I.
(A) mutations [BAD(S136A), BAD(S155A)] in BAD (site mutations that prevent phosphorylation of the BAD protein) resulted in increased cisplatin-induced apoptosis compared with cells transfected with wild-type BAD (Fig. 4A) . In contrast, cells transfected with BAD(S112A) had no effect on cisplatin sensitivity (Fig. 4A) . MTS cell viability analysis (CellTiter96; Promega) showed that cells expressing wildtype, S112A, S136A, and S155A mutations maintained similar proliferation rates after 72 hours of growth.
The role of pBAD (serine-155) in cisplatin sensitivity was further evaluated in A2780S cells by depletion of PKA and PP2C/PPM1A by using siRNA. Depletion of PKA and PP2C/ PPM1A resulted in reduced target protein expression (Fig. 4B) . Depletion of PKA decreased pBAD levels and increased cisplatin-induced apoptosis compared with cells transfected with a nontargeting control siRNA. In contrast, cells depleted of PP2C/PPM1A showed increased pBAD levels and decreased cisplatin-induced apoptosis ( Fig. 4B and C) .
A 47-gene BAD-pathway score is associated with in vitro phospho-BAD levels and human cancer clinical outcome
On the basis of the above data, we developed a 47-gene BAD-pathway score in the cell line data and evaluated it in an OVCA genomic data set data (Supplementary Table S3) . For cell lines, we identified a negative correlation between BAD-pathway signature score and levels of pBAD (serine-155) protein in cells treated with low-dose cisplatin (schedule A; Pearson score ¼ À0.92, P ¼ 0.001) and higher dose cisplatin (schedule C; Pearson score ¼ À0.72, P ¼ 0.045; Fig. 5A and B) . Although pBAD (serine-112 and 136) levels did not show statistically significant correlations with BADpathway score, when high and low dosing schedules are evaluated together (schedules A and C), mean BAD pathway score is higher in cells with low versus high levels of pBAD (serine-112) and pBAD (serine-136), using median pBAD as a cutoff (Fig. 5C and D) . For the OVCA patient data, the BAD-pathway score was associated with overall survival from OVCA (n ¼ 142, P 0.0001, Fig. 6A ), Furthermore, the OVCA genomic data set was evaluated with regard to BAD-pathway score and surgical cytoreductive (debulking, n ¼ 141; debulking status unavailable for 1 of 142 patients) status (optimal: <1 cm; suboptimal: >1 cm residual tumor at conclusion of surgery; P < 0.0001; Fig. 6B ) and also response to primary platinum-based therapy (CR or IR, P < 0.0001, Fig. 6C ). The association of high BAD-pathway score and favorable outcome was observed in patients who underwent optimal and suboptimal debulking (optimal: adjusted P ¼ 0.007; suboptimal: adjusted P ¼ 0.06). Most importantly, OVCA patients with a high BAD-pathway score who underwent suboptimal debulking had a survival that trended toward superiority versus patients with a low BAD-pathway score who underwent optimal debulking (adjusted P ¼ 0.19). Similarly, patients who showed an IR to primary platinumbased therapy but had a high BAD-pathway score had no statistical difference in survival compared with those patients who showed a CR but had a low BAD-pathway score (adjusted P ¼ 0.22). When evaluated with debulking status and response to primary platinum-based therapy, grade, and age, the Cox proportional hazards model revealed that the BAD-pathway score was an independent variable associated with survival (P ¼ 0.01).
Discussion
Few clinical or biologic events affect the outcome for patients with OVCA more than response to chemotherapy. In this study, using a novel in vitro strategy, we identified and characterized the BAD apoptosis pathway to be influential in the response of OVCA to chemotherapy, likely via modulation of BAD phosphorylation; we also identified expression of this pathway to be independently associated with clinical outcome for patients with OVCA. Furthermore, levels of the pBAD protein are not only associated with mRNA expression of the pathway (measured by a 47-gene pathway signature score), but are also independently associated with survival from OVCA. We provide extensive validation of our findings (and the importance of the BAD pathway) with in vitro functional studies and in vivo and in silico analyses of 289 patient specimens and/or data sets. Our findings are further validated by the fact that many of our BAD pathway signature genes, including RAF1, BAD, PPM1B, PPM1F, GNAS, PRKAR1A, BAX, PIK3CD, and PTPN11, have previously been reported to be associated with OVCA chemosensitivity (8, 10, (17) (18) (19) (20) (21) . Our work builds upon previous reports that suggest that phosphorylation of the BAD protein may be associated with cisplatin resistance in ovarian and head and neck cancer cell lines (22, 23) . Interestingly, however, Konstantinopoulos and colleagues recently analyzed 4 microarray data sets including 265 advanced-stage OVCAs and identified and validated a 19-gene prognostic model. Neither the 19-gene model nor the pathways associated with high-risk versus low-risk disease included representation of the BAD pathway (24) .
BAD is a member of the BCL2 family of proteins, which are characterized by the presence of up to 4 BCL2-homology domains (25) . This family includes inhibitors and promoters of apoptosis, such that cell survival versus death is determined by the relative ratio of proapoptotic (e.g., BCL-Xs, BAD, Bax, Bak) and antiapoptotic (e.g., Bcl-2, Bcl-xL, MCL-1, A1, BAG-1) family members (25) (26) (27) (28) . BAD selectively heterodimerizes with Bcl-xL and Bcl-2 but not with Bax, Bcl-xs, Mcl-1, A1, or itself. When BAD dimerizes with Bcl-xL, Bax is displaced, mitochondrial membrane permeability increases, and apoptosis is induced (29) . However, BAD function is regulated by phosphorylation (including serine-112, -136, and -155). When phosphorylated, BAD is unable to heterodimerize with Bcl-2 or Bcl-xL, freeing Bcl-xL to dimerize and functionally sequester Bax, such that it is no longer free to induce apoptosis (29) . Thus, the phosphorylation status of BAD determines whether Bax is displaced from Bcl-xL to drive cell death. BAD is thought to be phosphorylated at serine-136 by protein kinase B (PKB/Akt; 30). In contrast, serine-112 is phosphorylated by mitogen-activated protein kinase-activated protein kinase-1 (MAPKAP-K1, also called RSK) and PKA. Serine-155, at the center of the BAD BH3 domain, is phosphorylated preferentially by PKA, which also inhibits Bcl-xL binding (31) (32) (33) . Conversely, the activity of a series of phosphatases, including PP1, PP2A, and PPM1 (PP2C/ PPM1A), as well as calcineurin, has been shown to have proapoptotic effects via dephosphorylation of BAD (34, 35) .
Using an in vitro model to induce OVCA cisplatin resistance, we have identified expression of BAD apoptosis pathway genes to be associated with the evolution of cisplatin resistance and recognized that many of these genes are kinases or phosphatases that influence the phosphorylation status of the BAD protein. Consistently, we found that pBAD levels increased with OVCA cisplatin resistance in both the cell lines and primary patient samples and that pBAD protein levels were associated with poor overall survival from OVCA. To validate our findings and the importance of the BAD pathway, we showed that in vitro manipulation of pBAD levels (by siRNA depletion of a BAD kinase or BAD phosphatase or by targeted mutagenesis of some BAD phosphorylation sites) resulted in a corresponding change in cisplatin-induced apoptosis, without changes to proliferation. To support and further explore the clinical relevance of these findings, we evaluated a 47-gene BAD-pathway score and phospho-BAD in a panel of OVCA cells in which we induced cisplatin resistance by serial treatments and OVCA data/samples obtained from 289 patients. Our results show that a high BAD-pathway signature score is associated with low in vitro pBAD levels and favorable overall survival for patients with OVCA. Importantly, analyses of OVCA genomic data and pBAD protein levels from patients with advanced-stage disease have suggested that the influence of the BAD pathway on overall survival may be more important than the volume of residual disease at the completion of primary surgery, traditionally one of the most important clinical determinants of outcome for patients with OVCA. Such findings could have substantial implications for future clinical treatment of patients with this disease, although additional studies are required. Notably, survival for patients with low versus high levels of phospho-BAD was superior when considering each phosphorylation site (serine-112, -136, -155); however, only the serine-112 site reached statistical significance (Fig. 3) . Clearly, additional functional analyses are warranted to better define the mechanistic basis to our observations; our analysis does not speak to the relative importance of each BAD phosphorylation sites or to any potential influence of sequence of BAD phosphorylation on cellular function and clinical outcome. Furthermore, it is worth noting that although our data highlight the importance of this pathway, not all cell lines showed associations between increasing CIS resistance and expression of BAD pathway genes, emphasizing that OVCA is a highly heterogeneous disease and it is likely that many other pathways and biologic processes contribute to the development of chemoresistance and influence patient survival. In this regard, it is also noteworthy that use of the term "BAD pathway" may be somewhat arbitrary, given the interactions and cross-talk with other closely related proteins and pathways (e.g., RAS-RAF-MEK, PI-3k-AKT, BCL-XL/BAX) many of which have been associated with OVCA drug resistance (36) (37) (38) .
In addition to characterizing a mechanism by which epithelial OVCAs develop resistance to chemotherapy, we have identified a pathway that has significant clinical relevance as a potential biomarker of therapeutic response and overall patient survival and as a promising therapeutic target. Use of such BAD pathway-based biomarkers could form the basis of an individualized therapeutic approach to women with OVCA, enabling patients to be stratified into high-and low-risk groups, the latter being offered more aggressive therapy, enrollment in clinical trials of novel agents, or the addition of pBAD inhibitors to standard of care drugs.
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